ABSTRACT. Nuclear mitochondrial pseudogenes (numts), which originated from mitochondrial DNA (mtDNA) insertions in the nuclear genome, have been detected in many species. The distribution of numts in the honeybee nuclear genome has not yet been fully reported. By referring to the whole honeybee mtDNA sequence and to the recent version of the honeybee nuclear genome, 236 reference sequences were identified by BLAST, with 90 unmapped. The size of the numts ranged from 219 to 3788 bp, and the homologous identity between numts and their corresponding mtDNA fragments varied from 71 to 93%. Furthermore, identified honeybee numts covered nearly all mitochondrial genes and were distributed over all chromosomes. This study provides useful information for further research related to mitochondrial genes and the evolution of the honeybee.
INTRODUCTION
The honeybee has been the object of considerable scientific curiosity and for almost a century has served as the classic model organism in diverse research fields, including navigation, face recognition and sensory biology (Dyer et al., 2005; Dacke and Srinivasan, 2007; Somanathan et al., 2009) . It is regarded as the premier pollinator of major fruit crops. The honeybee has a long history of association with mankind because of its cavity-nesting lifestyle; it is used for producing honey, bee pollen, wax, and royal jelly (Behura, 2007) . Recently, researchers have described mitochondrial DNA in different honeybee species (Crozier and Crozier, 1992; Evans and Lopez, 2002; Tan et al., 2011; Wang et al., 2014; Gibson and Hunt, 2014) . Nuclear mitochondrial DNA (numts), or mitochondrial pseudogenes, are DNA sequences that are homogenous to mtDNA fragments, and have been identified in nuclear genomes (Lopez et al., 1994) . Since their first discovery (du Buy and Riley, 1967) , numts have been identified in numerous species (Bensasson et al., 2001; Leister, 2005; Hassanin et al., 2010; Hazkani-Covo et al., 2010; Nergadze et al., 2010; Song et al., 2013) , and an increasing number of researchers are now focusing on the evolution of numts and their possible function and influence in studies involving mitochondrial genes (Ricchetti et al., 2004; Thalmann et al., 2004; Schmitz et al., 2005; Cleaver et al., 2014) .
As in the field of genetics, studies of mtDNA polymorphism and genetic variation are increasing. Because of their homology with counterpart mtDNA fragments, numts can significantly influence the outcomes of polymerase chain reaction (PCR) analysis methods, and may even lead to erroneous study conclusions (Wallace et al., 1997; Nergadze et al., 2010) . It is therefore important to clarify the distribution of numts in mtDNA. The honeybee genome has been recently published (WGS Project: AADG06) from the approximately 1.8 Gb sequence of a European honeybee, from which whole-genome mapping data facilitated the assembly of super-scaffolds; 7.5-times coverage of the (clonable) 236 megabase (Mb) honeybee genome (The Honeybee Genome Sequencing Consortium, 2006). The publication of the honeybee genome provided an opportunity for analysis of numt distribution in honeybees.
The objective of this study was to detect and clarify the distribution of honeybee numts corresponding to relatively complete mtDNA genes, which could provide important reference data to avoid PCR amplification errors in studies relating to mtDNA, as well as the deepen the understanding of honeybee evolution for further research.
MATERIAL AND METHODS
Basic local alignment search tool (BLASTN) was used to find regions of local similarity between sequences, with the whole honeybee (Apis cerana) mitochondrial genome (accession No. GQ162109) submitted as the query sequence in HGSC. The honeybee linear scaffolds databases, released on 14 Jan 2012 (WGS Project: AADG06), were used in the BLAST search, with the maximum expectation value set to e = 10-4 and a max score > 300, in order to recover accession hits of biological significance (Pereira and Baker, 2004; Richly and Leister, 2004) .
RESULTS
There were 236 alignments (complete results are shown in Table S1 ); results of counterpart sequences covered almost the complete mitochondrial genome. Integrations of mitochondrial fragments occurred in all of the honeybee nuclear genomes (Figure 1) , except for 90 unmapped numts. Similarities between numts and corresponding mtDNA fragments varied from 71 to 93%, and the length of numt fragments ranged from 203 to 3788 bp. Further analysis revealed that the numt lengths, and similarities to corresponding mtDNA fragments, ranged from 71 to 93% and 219 to 3788 bp, respectively (Figure 2) . The total length of the honeybee numts fragment was 153306 bp, approximately 9.64-times longer than the entire honeybee mitochondrial genome. However, most numts identified corresponded with mitochondrial gene fragments. We identified 101 relatively complete mitochondrial gene regions distributed in 236 numts, in which 13 mitochondria protein-coding genes (ND1, ND2, CoxI, CoxII, CoIII, ATP8, ATP6, ND3, ND4L, ND4, ND5, ND6, and Cytb); all the mt-tRNA genes; and excluding srRNA (small and large subunit ribosomal RNA) were detected. 
DISCUSSION
Although we did not examine the functionality of numts detected here, high similarity between numts and mtDNA caution us that numts may participate in the function and regulation of genes; there is, therefore, a need to study the possible functions of numts. One such study verified that numts may affect DNA barcoding (Kim et al., 2013) . In analyzing mtDNA, the mtDNA fragments themselves will greatly predominate detected copy numbers, which is unlikely to influence study outcomes in routine applications. There are few specific situations under which primers would match with higher efficacy to numts than to target mtDNA, resulting in contaminated mtDNA products due to preferential amplification of numts (Willerslev and Cooper, 2005; Liu and Zhao, 2007) . The D-loop region is often used for the analysis of evolutionary relationships among different species and indicated possible domestic sites of species (Zhang et al., 1995; Englund et al., 2014; Bloor et al., 2015) . The complete numt fragment corresponding to the most variable region of the mitochondrial DNA was not detected in honeybees. Therefore, numts of the D-loop would not influence results relating to this region in the current study.
It is commonly believed that numts were formed by non-homologous recombination (Woischnik and Moraes, 2002) . Once integrated in the nuclear genome, numts and their mitochondrial counterparts evolved, showing different patterns (Kazazian, 2004) . These different patterns may be useful for analyzing the relationship between numts and their corresponding mitochondrial DNA sequences; for example, the time point of mtDNA insertion in the nuclear genome, and the evolutionary relationship of the same sequence located in mitochondrial and nuclear genomes (Kim et al., 2006) . Therefore, numts are an important tool for phylogenetic analysis (Hazkani-Covo et al., 2010) , although common mechanisms responsible for mitochondrial insertions into nuclear genomes remain unclear at this time.
CONCLUSION
We identified 236 highly homogenous numt fragments, between the mitochondrial and nuclear genome of the honeybee. These numts included mostly of tRNAs and protein coding genes, except rRNAs in mitochondrial DNA. Therefore, these relatively complete numts could serve as a powerful tool to analysis the relationship of different species of honeybee and reconstruct phylogenetic network by comparing their mtDNA counterparts.
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